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1
METHOD AND APPARATUS FOR
RESISTIVITY MEASUREMENTS

BACKGROUND OF THE INVENTION

For a formation to contain hydrocarbons and permit the
hydrocarbons to flow through it, the rock comprising the
formation must have certain well known physical character-
istics. One characteristic is that the formation has a certain
measurable resistivity (the inverse of conductivity), which
can be determined by appropriate transducers in the drill
string. Analysis of the data from these transducers provide
information regarding the resistivity of the formation sur-
rounding the resistivity tool, which then can be used in com-
bination with other measurements to predict whether the for-
mation will produce hydrocarbons. In addition, a sudden
measured change in resistivity at the boundary between vari-
ous strata can be used to locate these boundaries.

Because the drilling mud in the borehole is commonly
maintained at a higher pressure than the formation, the mud
tends to invade the permeable formation surrounding the
borehole, forcing the original connate water to be driven away
from the borehole. This flushing of drilling mud filtrate into
the formation creates an invaded or flushed zone around the
borehole, with a transition zone between the flushed and
undisturbed zones. This invasion may effect accurate mea-
surements of formation resistivity. The depth of invasion of
the drilling mud is a factor of the formation porosity, the
differential drilling pressure, permeability of the formation,
water loss of the drilling fluid, and time. In order to reduce the
invasion effects, it is desirable to measure the resistivity as
close to the bit as possible. To detect strata boundaries, it is
desirable to detect formation resistivity ahead of the bit.

BRIEF DESCRIPTION OF THE DRAWINGS

A better understanding of the present invention can be
obtained when the following detailed description of example
embodiments are considered in conjunction with the follow-
ing drawings, in which:

FIG. 1 shows a schematic diagram of a drilling system;

FIG. 2 shows an example of one embodiment of an instru-
mented bit assembly;

FIG. 3A shows a cross section of a portion of an instru-
mented bit showing a location of a receiver;

FIGS. 3B-3D show example orientations of a receiver in an
instrumented bit;

FIG. 4 shows another example of a bit sub;

FIG. 5 shows an example of an instrumented bit assembly;

FIG. 6A shows an example geometry associated with an
analysis of an untilted antenna;

FIG. 6B shows an example geometry associated with an
analysis of a tilted antenna;

FIG. 7 shows an embodiment of an instrumented bit assem-
bly, wherein the receivers are located in the blades;

FIG. 8 shows a perspective view of the end portion of an
instrumented bit assembly;

FIG. 9 shows an example of an instrumented bit assembly
comprising an antenna positioned on the shank portion of a
drill bit;

FIG. 10 shows a coordinate system indicating an example
coordinate system relating resistivity components to sedi-
mentary buildup.

FIG. 11 shows another example of an instrumented bit
assembly;

FIG. 12 shows another example of instrumented bit assem-
bly comprising a tilted antenna; and
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FIG. 13 shows yet another example of an instrumented bit
assembly comprising a pair of crossed tilted receivers.

DETAILED DESCRIPTION

FIG. 1 shows a schematic diagram of a drilling system 710
having a downhole assembly according to one embodiment of
present invention. As shown, the system 710 includes a con-
ventional derrick 711 erected on a derrick floor 712 which
supports a rotary table 714 that is rotated by a prime mover
(not shown) at a desired rotational speed. A drill string 720
that includes a drill pipe section 722 extends downward from
rotary table 714 into a borehole 726. Borehole 726 may travel
in a three-dimensional path. The three-dimensional direction
of the bottom 751 of borehole 726 is indicated by a pointing
vector 752. In one example, an instrumented drill bit assem-
bly 10 is attached at the downhole end of drill string 720 and
disintegrates the geological formation 30 when instrumented
drill bit assembly 10 is rotated. The drill string 720 is coupled
to a drawworks 730 via a kelly joint 721, swivel 728 and line
729 through a system of pulleys (not shown). During the
drilling operations, drawworks 730 is operated to control the
weight on instrumented drill bit assembly 10 and the rate of
penetration of drill string 720 into borehole 726. The opera-
tion of drawworks 730 is well known in the art and is thus not
described in detail herein. In one example, instrumented drill
bit assembly 10 may be rotated only by a downhole motor
790. In another example, instrumented drill bit assembly 10
may be rotated by the combined action of rotary table 714 and
downhole motor 790. Alternatively, a top drive assembly (not
shown) may be used instead of rotary table 714.

During drilling operations a suitable drilling fluid (com-
monly referred to in the art as “mud™) 731 from a mud pit 732
is circulated under pressure through drill string 720 by a mud
pump 734. Drilling fluid 731 passes from mud pump 734 into
drill string 720 via fluid line 738 and kelly joint 721. Drilling
fluid 731 is discharged at the borehole bottom 751 through an
opening in instrumented drill bit assembly 10. Drilling fluid
731 circulates uphole through the annular space 727 between
drill string 720 and borehole 726 and is discharged into mud
pit 732 via a return line 735. Preferably, a variety of sensors
(not shown) are appropriately deployed on the surface
according to known methods in the art to provide information
about various drilling-related parameters, such as fluid flow
rate, weight on bit, hook load, etc.

A surface control unit 740 may receive signals from down-
hole sensors and devices via a sensor 743 placed in fluid line
738, and processes such signals according to programmed
instructions provided to surface control unit 740. Surface
control unit 740 may display desired drilling parameters and
other information on a display/monitor 742 which may be
used by an operator to control the drilling operations. Surface
control unit 740 may contain a computer, memory for storing
data, a data recorder and other peripherals. Surface control
unit 740 may also include models and may process data
according to programmed instructions, and respond to user
commands entered through a suitable input device, such as a
keyboard (not shown).

In one example embodiment of the present invention, a
steerable drilling bottom hole assembly (BHA) 759 may
comprise a measurement while drilling (MWD) system 758
comprising various sensors to provide information about the
formation 30 and downhole drilling parameters. BHA 759
may be coupled between the instrumented drill bit assembly
10 and the drill pipe 722. BHA 759 may also comprise a
drilling motor 790.
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MWD sensors in BHA 759 may comprise sensors for mea-
suring the formation resistivity proximate instrumented drill
bit assembly 10, a gamma ray device for measuring the for-
mation gamma ray intensity, sensors for determining the
inclination and azimuth of the drill string, and pressure sen-
sors for measuring drilling fluid pressure downhole. The
above-noted devices may transmit data to a downhole trans-
mitter 733, which in turn transmits the data uphole to the
surface control unit 740. In one embodiment a mud pulse
telemetry technique may be used to communicate data from
downhole sensors and devices during drilling operations. A
transducer 743 placed in the mud supply line 738 detects the
mud pulses responsive to the data transmitted by the down-
hole transmitter 733. Transducer 743 generates electrical sig-
nals in response to the mud pressure variations and transmits
such signals to surface control unit 140. Alternatively, other
telemetry techniques such as electromagnetic and/or acoustic
techniques or any other suitable technique known in the art
may be utilized for the purposes of this invention. In one
embodiment, hard wired drill pipe may be used to communi-
cate between the surface and downhole devices. In one
example, combinations of the techniques described may be
used. In one embodiment, a surface transmitter/receiver 780
communicates with downhole tools using any of the trans-
mission techniques described, for example a mud pulse
telemetry technique. This may enable two-way communica-
tion between surface control unit 740 and the downhole tools
described below.

In one embodiment, see FIG. 2, an instrumented bit assem-
bly 10 is attached to the lower end of BHA 759. Instrumented
bit assembly 10 may comprise an electromagnetic wave (EW)
antenna 15, located in a circumferential groove, or recess, in
bit sub 16 that is attached to bit 5. EW antenna 15 may be
enabled to transmit and/or receive EW signals. As used in the
example of FIG. 2, EW antenna 15 acts as a transmitter. The
circumferential groove may be located in a plane oriented at
about 90° from the longitudinal tool axis. Alternatively,
groove 17 may be located in a reduced section of an extended
gage bit. In one example, EW antenna 15 comprises a cir-
cumferential loop of wire, as discussed below. EW antenna 15
may be covered with a non-conductive material, as is known
in the art. In one embodiment, transmitter antenna 15 may be
designed to operate at more than one frequency. Operating
frequency may be in the range of about 1 kHz to about 10
MHz. The use of such EW resistivity techniques allows for
resistivity determination in the presence of conductive or
non-conductive drilling fluids, for example oil based or water
based muds. In the embodiment shown in FIG. 2, coil receiv-
ers 20 and 22 are spaced apart axially as shown. At least one
of'the receivers may be located in the passage between blades
9. It is understood that in this and subsequent figures, forma-
tion 30 (not shown for clarity) is in contact with one or all of
the blades 9. In one embodiment coil receivers 20 and 22 are
located axially in a line that is substantially parallel to a
longitudinal tool centerline, also called a longitudinal tool
axis.

The distance between EW antenna 15 and the approximate
midpoint between receiver 20 and receiver 22 is designated L.
In one example, [. may be on the order of 1 foot. In another
example, the distance [ may be <3 feet. One skilled in the art
will appreciate that the depth of investigation into the forma-
tion is related to the spacing between the a transmitting
antenna and the receivers.

As shown in FIG. 2, EW antenna 15 is coupled to amplifier
26 which is in turn driven by oscillator 28, under the control
of processor 32. Processor 32 interfaces with the communi-
cation interface circuit 34 and analog to digital converter 36.
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Communication interface 34 may provide an interface with a
mud pulse transmitter 733 in BHA 759.

Receivers 20 and 22 are respectively connected to ampli-
fiers 40 and 42, and mixer circuits 44 and 46. The outputs of
mixer circuits 44 and 46 drive low pass filters 50 and 52,
respectively. The outputs of amplitude measurement circuits
54 and 56 are connected to a multiplexer 60. The outputs of
low pass filter circuits 50 and 52 are also connected to the
inputs of a relative phase measurement circuit 62, the output
of which is fed into multiplexer 60. Amplitude measurement
54 provides a measure of amplitude signal received by
receiver 20, whereas amplitude measurement 56 measures
the amplitude of the incoming signal received by receiver 22.
Similarly, relative phase measurement circuit 62 provides an
indication of the phase difference between signals received at
receiver 20 and the signals received at receiver 22. One skilled
in the art will appreciate that the ratio of amplitude measure-
ments and the relative phase measurement are both indicative
of formation resistivity proximate the receivers 20 and 22 in
bit assembly 10. Receivers 20 and 22 detect an azimuthal
resistivity.

In another embodiment, still referring to FIG. 2, the trans-
mitter signal 33 may be fed into multiplexer 60 and phase
comparator 62. The ratio of the transmitted amplitude to the
amplitude at either receiver 20, 22, and the phase difference
between the transmitted signal and phase at either receiver
may be compared to determine a formation resistivity
between the transmitter and the selected receiver.

By combining the resistivity measurements with suitable
directional measurements, an image of the borehole may be
generated using multiple readings as the bit rotates around the
borehole. By placing multiple receiver pairs, for example 6
pairs, around the circumference of bit assembly 10, the radial
resistivity of the formation at the bit may be calculated.

Examples of receivers 20 and 22 are shown in FIGS.
3A-3D. FIG. 3A shows a cross section of a portion of bit 5,
with a receiver 322 in a cavity 321 in the outer surface of bit
5. As shown in FIGS. 3B-3D, the receiver comprises a mag-
netic core 301 surrounded by a wire coil 302. The receiver 322
may be oriented along different axes, as shown, to measure
different components of the electromagnetic signal.

As shown in FIGS. 2 and 3 A, in one example, the receivers
axe mounted in the reduced diameter of the back end of bit 5
(receiver 20) or in the troughs between the near gage blades 9
on bit 5. This location provides protection of the receivers
from direct contact with the borehole wall 756.

FIG. 4 shows another example of a bit sub 416 having a
transmitter 415 and receivers 420 and 422 mounted thereon.
Bit sub 416 may be mounted to bit 5. The transmitter and
receivers may be similar to those described above. Also
shown is an electronics insert 405 having electronics circuits
430, for example those described in FIG. 2, for controlling the
measurement of resistivity and communicating the results to
a suitable telemetry device for transmission to the surface.

In one example, power and communication signals are
transmitted between electronics 430 and an MWD telemetry
transmitter 733 via a monocable system 450 placed in the
bore of the BHA 759. In one embodiment, a spider assembly
435 positions connector 436 in the flow path. Monocable 440
is connected to spider assembly 435 and a similar spider
assembly uphole proximate MWD transmitter 733. Alterna-
tively, wired pipe may be used to transmit power and com-
munication signals. In one example, power may be provided
to the sensors by downhole batteries, and known short hop
telemetry techniques may be used to transmit communication
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signals, for example around a downhole motor. In yet another
example, the downhole motor may comprise a hard wire
electrical feedthrough.

Electronics 430 may comprise circuits, components and
processors for powering, interfacing with, and controlling the
antenna and receivers associated with instrumented bit sub
416. In addition, electronics 430 may comprise power con-
version and interface electronics for receiving power and
communicating over monocable 440. Electronics 430 may
comprise hybrids and/or multi-chip modules to minimize
space requirements, power consumption, and to improve reli-
ability. In one example, Electronics 430 may comprise direc-
tional sensors for determining the inclination and azimuth of
the instrumented bit assembly. Alternatively, such directional
sensors may be located in MWD system 758.

As shown in FIG. 4, transmitter 415 may be connected to
electronics 430 via pathway 445. Likewise, receivers 420 and
422 may be connected to electronics 430 via pathways 423
and 424, respectively. As described above, transmitter 415
and receivers 420 and 422, are at a recessed diameter with
respect to blades 409. It will be understood by one skilled in
the art that bit sub 416 may be used in conjunction with both
fixed cutter bits and roller cone bits.

In another embodiment, see FIG. 11, an instrumented bit
assembly 1200 comprises a bit assembly 1205 and a bit sub
1216. In the example shown, bit assembly 1215 comprises a
bit crown 1206 attached to a bit shank 1218. A gage sleeve
1210 is mounted around bit shank 1218. Bit crown 1206 may
be attached to bit shank 1218 using suitable welding tech-
niques discussed below. Gage sleeve 1210 may be attached to
bit crown 1206 and/or bit shank 1218 by any of several
attachment techniques, including but not limited to, pinning,
shrink fitting, and/or welding. Transmitting EW antenna 1215
transmits a signal that is detected by coil receiver 1220. While
only one coil receiver is shown here, additional coil receivers
may be axially and/or circumferentially spaced around bit
assembly 1205. In addition, while coil receiver 1220 is shown
here as located in a gage blade 1209, it is to be understood that
coil receiver 1220 may be located in the reduced diameter
passage 1211 between gage blades 1209 and/or the reduced
diameter of the unbladed rear section of bit shank 1218.
Electronics 1230 may be located in an insert 1217 that is
located in a bored back section of bit shank 1218. Connection
to coil receiver 1220 may be made by a connector 1221.
Connection to transmitting EW antenna 1215 may be made
via conductors (not shown) through pathways 1223 and 1222.
Connections to uphole components may be made via a mono-
cable system 1250 placed in the bore of the BHA 759. A
spider assembly 1235 positions connector 1236 in the flow
path. Monocable 1240 is connected to spider assembly 1235
and a similar spider assembly uphole, proximate uphole com-
ponents. The operation of monocable system 1250 may be
similar to the operation of monocable system 450. Alterna-
tively, wired pipe may be used to transmit power and com-
munication signals. In one example, power may be provided
to the sensors by downhole batteries, and known short hop
telemetry techniques may be used to transmit communication
signals, for example around a downhole motor. In yet another
example, the downhole motor may comprise a hard wire
electrical feedthrough. It is to be understood that any of the
examples presented herein may utilize electronics that are
located in the bit shank and/or the bit sub.

FIG. 5 shows another example of an instrumented bit
assembly 510 comprising a bit sub 516 and a tilted EW
antenna 515, acting as a transmitter. Transmitting EW
antenna 515 is tilted such that the plane of the tilted EW
antenna 515 is tilted at an angle &, with respect to the longi-
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tudinal axis of the downhole tool. Angle £, may be in the
range 0 0-90°. Such a system allows the determination of the
horizontal resistivity, the vertical resistivity, and the relative
formation dip angle. The coil receivers 520 and 522 are simi-
lar to those described previously. Tilted antennas may also
enable a measure of resistivity ahead of bit 5.

FIG. 12 shows an example of instrumented bit assembly
550 and a tilted EW antenna 565 spaced apart from instru-
mented bit assembly. In the example shown, tilted antenna
EW 565 may be spaced from instrumented bit assembly about
25 feet. In one example, tilted EW antenna 565 may be placed
above a drilling motor 790. Alternatively, a drill collar section
may separate tilted EW antenna 565 and instrumented bit
assembly 550. Instrumented bit assembly 550 comprises a bit
sub 560 having an EW antenna 517 that may act as a receiver
and/or a transmitter mounted thereon. In one example, EW
antenna 517 may receive EW signals from tilted EW antenna
565. The spacing between tilted EW antenna 565 and EW
antenna 517 and the tilting of EW transmitter 515 cause the
transmitted signal to propagate more deeply into the forma-
tion ahead of the bit, and the signal received at EW antenna
517 enables measurements of the formation resistivity ahead
of the bit. The rotation of the tool in the wellbore during
measurements may be used to provide a 360° resistivity
image of the formation ahead of the bit.

In another example, EW antenna 517 may act as a trans-
mitter to transmit electromagnetic waves that are received by
coil receivers 520 and 522 that provide azimuthal resistivity
and imaging at the bit.

Communication between EW antenna 565 and EW
antenna 517 may be enabled by use of a monocable system as
described previously with respect to FIG. 4 and FIG. 11.
Alternatively, wired pipe may be used to transmit power and
communication signals. In one example, power may be pro-
vided to the sensors by downhole batteries, and known short
hop telemetry techniques may be used to transmit communi-
cation signals, for example around a downhole motor. In yet
another example, the downhole motor may comprise a hard
wire electrical feedthrough.

Inanother example, EW antenna 517 may be electronically
switched to act as a receiver for EW signals transmitted by
tilted EW antenna 565, and as a transmitter to transmit EW
signals to coil receivers 520 and 522.

FIG. 13 shows another example of an instrumented bit
assembly 570 and a spaced apart tilted transmitting EW
antenna 585. Instrumented bit assembly 570 comprises two
crossed tilted EW receiver antennas 571 and 572. The plane
oftilted EW receiver antenna 572 is tilted by an angle £ from
the longitudinal tool axis. The plane of tilted EW receiver
antenna 571 is tilted by an angle o from the plane of EW
receiver antenna 572. In one example, & is about 45°, and o
is about 90°. EW signals transmitted by transmitting EW
antenna 515 are received at both EW receiver antennas 571
and 572. The signals may be processed using circuitry similar
to that described with relation to FIG. 2 to compare the ratio
of transmitter amplitude and received amplitude for each
receiver, and the phase shift between the transmitter and each
receiver to enable resistivity measurements ahead of the bit.

In another example, each EW antenna 571, 572 may act as
a transmitter to transmit electromagnetic waves that are
received by coil receivers 520 and 522 that provide azimuthal
resistivity and imaging at the bit.

Communication between EW antenna 585 and EW anten-
nas 571, 572 may be enabled by use of a monocable system as
described previously with respect to FIG. 4 and FIG. 11.
Alternatively, wired pipe may be used to transmit power and
communication signals. In one example, power may be pro-
vided to the sensors by downhole batteries, and known short
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hop telemetry techniques may be used to transmit communi-
cation signals, for example around a downhole motor. In yet
another example, the downhole motor may comprise a hard
wire electrical feedthrough.

In another example, each EW antenna 571, 572 may be
electronically switched to act as a receiver for EW signals
transmitted by tilted EW antenna 585, and as a transmitter to
transmit EW signals to coil receivers 520 and 522.

Due to the nature of sedimentary formations, formation
analysis practitioners in the art use the term “horizontal” to
denote the plane of the formation (i.e., the x-y plane of FIG.
10), and practitioners use the term “vertical” to denote the
direction perpendicular to the plane of the formation (i.e., the
z direction of FIG. 10, which is the direction of sedimentary
build-up). For convenience in distinguishing between these
terms of art and the ordinary directions associated with the
earth’s gravity, FIGS. 6 A and 6B utilize the following terms:
“true vertical” indicates the direction of the earth’s gravity;
“true horizontal” indicates the direction perpendicular to the
earth’s gravity; “formation vertical” indicates the direction
perpendicular to the plane of the formation; and “formation
horizontal” indicates the plane of the formation. In this
description, the terms ‘horizontal” and “vertical” are
intended to have the meanings associated with “formation
horizontal” and “formation vertical,” respectively. In FIGS.
6A and 6B, 9 is the hole deviation angle (the angle between
the borehole/tool axis and the true vertical), and 1 is the bed
dip angle (the angle between the formation bed plane and the
true horizontal).

Referring to FIG. 6A, a transmitter coil (antenna) with a
magnetic moment M, can be considered as the superposition
of a horizontal magnetic dipole (HMD) and a vertical mag-
netic dipole (VMD), with corresponding horizontal and ver-
tical component magnetic moments M, and M, respec-
tively, which are given by the equations

M =Mysin 0=[4,sin 0 1]

My, =M, cos 0=I,4,cos O [2]

where

I,=the current in the transmitter coil,

A ~the cross-sectional area of the transmitter coil, and

0=the relative dip angle (the angle between the tool axis
and the normal to the formation).

It can be shown that the HMD produces magnetic fields H,,
and H,,_, and the VMD produces magnetic fields H,_ and H ,
as follows:

10

15

20

30

35

40

8

k,=the complex wave number in the horizontal direction,
k,=the complex wave number in the vertical direction
w=the angular frequency (in radians/second) of the transmit-
ter coil=2nf
f=the frequency of the transmitter coil (in Hertz)
pu=the magnetic permeability of the formation (assume
W=y, =1)
0, ~the horizontal conductivity of the formation
o,=the vertical conductivity of the formation
€,=the horizontal dielectric constant (assumed)
€, =the vertical dielectric constant (assumed)
L=the distance between the transmitter coil and the receiver
coil
i=-T

Ifareceiver is parallel to the transmitter, for a conventional
configuration as shown in FIG. 6 in which & ,=5z=90°, the H,
field in the receiver loop is given by the equation

H=(H, +H,)sin 0+(H,,+H, )cos O [7]

and the induced voltage in the receiver loop is

V=iwd,uH, 8]

where A, is the cross-sectional area of the receiver coil. Sub-
stituting Eqgs. [3], [4], [5], [6], and [7] into Eq. [8] yields

—y . .
v = BRI 0 ik Lyl — ik, LetnlB)
Anl3

Equation [9] shows that the induced voltage, V, depends on
k, and . In turn, k, depends on o,; and } depends on o,,, 0,,
and 0. These relationships indicate that 6, and 0 are depen-
dent, and this dependency prevents convergence of a simul-
taneous solution for o, 0,, and 0, as discussed above.

To break this dependency and enable a solution for 0, 0,,
and 0, one may tilt either the transmitter or the receiver with
respect to the tool axis, as shown in FIG. 6B (transmitter not
tilted, receiver tilted). For a transmitter/receiver configuration
as shown in FIG. 6B in which £,=90° and §;<90°, the H, field
in the receiver loop is given equation

Hy=(H,,+H,,)sin 0'+(H, +H,,)cos &' [10]

efnl ik [3]
T |36in20 — 1 + k2120820 + — I + iky, L — 3iky Lsin®0| —
Mysinf| 13 h sin’@ " h
= .
an K iy L5
12sin%0
I T, [4
Hp, = Mrpsin’ 0008047TL3 [3 -k, L* - 3ik,L]
eful 2 272 2 2 [e]
H,, = MTCOSO47TL3 [Bcos“0 — 1 + kj, L*sin“6 — 3iky, Lcos“0 + iky, L]
where
ioy
k= wzﬂ(sh - —)

2]
k 2
B =/ cos?f+ (é) sin®@
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Substitution of Egs. [3], [4], [5], [6], and [10] into Eq. [8]
yields

V= (1]

iky,Lsin®

twuA Al
4rl3

{zcos(e —@etnl (1 = ik, L) + (el _ e'*khLﬁ)}

where
0'=6+,-90°

Ex—the angle of tilt of the receiver antenna (i.e., the angle
between the plane of the receiver antenna and the tool axis)

g,~the angle of tilt of the transmitter antenna (i.e., the
angle between the plane of the transmitter antenna and the
tool axis).

Equation [11] shows that the induced voltage, V, depends
onk;,, B, 0, and 0'. As long as 0 is different from 0', then 0 can
be calculated from three measurements using a multiple spac-
ing or multiple frequency EW resistivity tool. By tilting either
the receiver or the transmitter of an EW resistivity sensor (i.e.,
by making 0 different from 0'), o, and 0 are decoupled, which
enables a solution for o,, o,, and 0 as described below.
Although the above formulation is for an untilted transmitter
with a tilted receiver, the theory of reciprocity provides that
the same result also applies to a tilted transmitter with an
untilted receiver. Indeed, both the transmitter and the receiver
may be tilted, provided that the respective angles of tilt are not
the same, i.e., §,#E . For the general case in which both the
transmitter and the receiver are tilted at arbitrary angles &,
and &g, respectively, Eqs. [1] through [11] apply with the
substitution of 8" for 8 where 8"=0+& ~90°.

FIG. 7 shows yet another embodiment of an instrumented
bit assembly 610, wherein the receivers 620 and 622 are
located in the blades 6094 and 6095. Antenna 615 may be
untilted or tilted. This configuration may allow for enhanced
accuracy of the resistivity measurement, compared to the
configuration of FIG. 2, by reducing the drilling fluid thick-
ness between the receivers 620, 622 and the formation.

Bit Design

FIG. 8 shows a perspective view of the end portion 825 of
an instrumented bit assembly 810. The end portion includes
face blades 827a and 8275 upon which are mounted PDC
cutting elements 836. The areas between adjacent face blades
are referred to as face fluid channels 826 which are well
known in the art. In this embodiment, receiver 822 is recessed
into face fluid channel 826. Receiver 820 is located in the
trough between near gage blade 809a and 8094.

In another embodiment, see FIG. 9, the instrumented bit
assembly 910 has antenna 915 positioned on the shank por-
tion 914 of the drill bit. Receivers 922 and 920 are located on
gage blades 909.

Manufacturing Aspects
Electromagnetic Wave Antenna

In the embodiment shown in FIG. 2, the instrumented bit
assembly 10 comprises a bit sub 16 which is typically manu-
factured from alloy steel of a nominal diameter consistent
with the MWD system 758 to which it is connected. The
circumferential groove or recess 17 into which antenna 15 is
fitted can be formed by conventional lathe turning operations.

FIG. 5 shows a tilted axis transmitter antenna 515 which is
attached to bit sub 516 also manufactured from alloy steel. In
this embodiment, the groove into which the antenna would fit
would have to be formed by a different manufacturing process
requiring the use of a milling machine due to the orientation
of the axis of the transmitter.
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Another method of attaching the transmitter antenna (15,
515) would be to strap it to the external surface of the bit sub
(16, 516). It could then be covered with a non-conductive
material as known in the art.

Receivers

Referring again to FIG. 34, the cavity 321 can be formed in
various methods. When the bit 5 is manufactured from steel,
standard milling and drilling processes can be utilized to form
the cavity. This method would be utilized for both locating the
cavity into a gage blade 9, face blades 8274,5 (see FIG. 8), and
the troughs and fluid channels between any blades.

If the bit 5 is formed from matrix material which is com-
mon in the manufacture of PDC bits, the cavity 321 must be
formed in a different manner. The matrix material is formed
from tungsten carbide or other hard material infiltrated by a
copper based alloy which is not “machinable”. A casting
former may be used to form the near net shape junk slots,
nozzle displacements and cutter pockets when preparing the
mold used to manufacture the drill bit. This material can be
graphite, sand, ceramic or other materials which after the
furnace process can be easily removed from the casting. This
technique can be used to form the cavity for the receiver. An
alternative method to form the cavities in matrix is plunge
EDM. This casting may be done through techniques generally
known to those skilled in the art, in which a mold is con-
structed of an appropriate material (for example, sand, graph-
ite, ceramic, etc.) for use in molding the component. The
mold or sub-assembly, or the final part, may also be formed by
any of several techniques, including building up through ste-
reo lithography. As another example, “sand printing” may be
used, where a mold of the resulting shape is created, and then
used as a positive form to create a reverse mold formed of
sand in an appropriate resin, that is ultimately hardened in the
desired conformity. That reverse mold may then be used to
cast the matrix material. Another manufacturing alternative
would be to cast the primary shape of gage sleeve 1210 (see
FIG. 11) in a conventional manner, but to then use non-
traditional machining techniques to form the described aper-
tures, and potentially other conformities. An example of one
such non-traditional machining technique is electrical dis-
charge machining (“EDM”), where a series of electrical dis-
charges between a tool electrode and the matrix casting (act-
ing as another electrode), typically in the environment of an
intervening dielectric liquid (known as “sinker” or “plunge”
EDM), causes the incremental removal of material between
the electrodes.

In FIG. 4, transmitter 415 and receivers 420 and 422 are
connected to electronic insert 405 through pathways 423 and
445. When the body material of bit sub 416, or drill bit 5, is
steel, long bore drilling techniques might be used. When the
bit body including stabilizer section is made of matrix, form-
ers would again be utilized to form passageways for the
connectors.

Numerous variations and modifications will become
apparent to those skilled in the art. It is intended that the
following claims be interpreted to embrace all such variations
and modifications.

What is claimed is:

1. A system for measuring a resistivity of a formation

comprising:
an instrumented drill bit coupled to a bottom end of a
bottomhole assembly;
at least one electromagnetic wave antenna located in the
bottomhole assembly to transmit an electromagnetic
wave signal into the formation;

at least one coil receiver comprising a wire coiled around a
magnetic core rod, the at least one coil receiver located
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in an external surface of the instrumented drill bit and
longitudinally spaced apart from the at least one electro-
magnetic wave antenna to receive the electromagnetic
wave signal transmitted through the formation; and

electronic circuits operably coupled to the at least one coil
receiver to process the received signal to determine a
resistivity of the formation proximate the instrumented
drill bit.

2. The system of claim 1 wherein a plane of the at least one
electromagnetic wave antenna is tilted at a predetermined
angle relative to a longitudinal axis of the instrumented drill
bit.

3. The of claim 2 wherein the first predetermined angle is in
the range of about 0° to about 90°.

4. The system of claim 1 further comprising a second tilted
electromagnetic antenna and a third tilted electromagnetic
wave antenna co-located at a same predetermined longitudi-
nal location between the first electromagnetic antenna and the
instrumented drill bit where a plane of the second tilted elec-
tromagnetic wave antenna is tilted by a second predetermined
angle from the longitudinal axis of the instrumented drill bit
and a plane of'the third tilted electromagnetic wave antenna is
tilted by a third predetermined angle from the plane of the
second tilted electromagnetic wave antenna.

5. The system of claim 4 wherein the second predetermined
angle is in the range of about 0° to about 45° and the third
predetermined angle is in the range of about 0° to about 90°.

6. The system of claim 4 wherein at least one of the second
electromagnetic wave antenna and the third electromagnetic
wave antenna comprises a transceiver to transmit and to
receive an electromagnetic wave.

7. The system of claim 1 wherein the at least one coil
receiver comprises at least two coil receivers axially spaced
apart on the instrumented drill bit.

8. The system of claim 1 wherein the at least one coil
receiver comprises a plurality of coil receivers mounted at
angular locations around the instrumented drill bit to detect a
radial resistivity of the formation at the instrumented drill bit.

9. The system of claim 1 wherein at least one of the at least
one coil receivers is located in a reduced diameter passage
between two near gage blades on the instrumented drill hit.

10. The system of claim 1 wherein the at least one coil
receiver is located in a near gage blade on the instrumented
drill bit.

11. The system of claim 1 wherein the electronic circuitry
is located in at least one of a shank section of the drill bit and
a bit sub coupled between the instrumented drill bit and the
bottomhole assembly.

12. A method of determining a resistivity proximate a bit of
a formation surrounding a borehole comprising:

deploying a bottomhole assembly having an instrumented

drill bit attached to a bottom end thereof into a borehole
surrounded by the formation;

disposing at least one electromagnetic wave antenna in the

bottomhole assembly, the at least one electromagnetic
wave antenna being longitudinally spaced apart from the
instrumented drill bit;

transmitting at least one electromagnetic wave signal into

the formation using the at least one first electromagnetic
wave antenna;

detecting the electromagnetic wave signal at least one coil

receiver comprising a wire coiled around a magnetic
core rod located in an external surface of the instru-
mented drill bit; and

processing the received signals from the at least one coil

receiver to determine a resistivity of the formation proxi-
mate the instrumented drill bit.
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13. The method of claim 12 further comprising tilting a
plane of the at least one first electromagnetic wave antenna at
a first predetermined angle relative to a longitudinal axis of
the instrumented drill bit.

14. The method of claim 12 further comprising a second
tilted electromagnetic wave antenna and a third tilted electro-
magnetic wave antenna co-located at a same predetermined
longitudinal location between the first electromagnetic
antenna and the instrumented drill bit where the second tilted
electromagnetic wave antenna is tilted by a second predeter-
mined angle from the longitudinal axis of the instrumented
drill bit and the third tilted electromagnetic wave antenna is
tilted by a third predetermined angle from the second tilted
electromagnetic wave antenna.

15. The method of claim 14 further comprising transmit-
ting at least one electromagnetic wave signal into the forma-
tion using at least one of the second tilted electromagnetic
wave antenna and the third tilted electromagnetic wave
antenna, and receiving the at least one electromagnetic wave
signal at the at least one coil receiver disposed on the instru-
mented drill bit.

16. The method of claim 15 further comprising switching
atleast one of the second tilted electromagnetic wave antenna
and the third tilted electromagnetic wave antenna between a
receiving mode and a transmitting mode.

17. The method of claim 12 wherein processing the
received signals from the at least one coil receiver to deter-
mine a resistivity of the formation proximate the instru-
mented drill bit comprises determining the phase difference
of the transmitted signal and the received signal and the
amplitude ratio of the transmitted signal and the received
signal and relating the phase difference and the amplitude
ratio to a formation resistivity.

18. The method of claim 12 further comprising receiving
the at least one electromagnetic wave signal at each of at least
two rotationally spaced coil receivers, relating each of the
received signals to an azimuth of the instrumented drill bit,
and generating an azimuthal image of the formation proxi-
mate the instrumented drill bit based on the received signals.

19. An instrumented drill bit comprising:

a bit shank having at least one gage blade attached thereto;

at least one electromagnetic wave antenna disposed on the

instrumented drill bit to transmit an electromagnetic
wave signal into a formation surrounding the instru-
mented drill bit;

at least one coil receiver comprising a wire coiled around a

magnetic core rod, the at least one coil receiver, the at
least one coil receiver located in an external surface of
the instrumented drill bit to receive the transmitted elec-
tromagnetic wave signal; and

electronic circuits operably coupled to the at least one

electromagnetic wave antenna and to the at least one coil
receiver to process the received signal to determine a
resistivity of the formation proximate the instrumented
drill bit.

20. The instrumented drill bit of claim 19 further compris-
ing a bit sub attached to the bit shank.

21. The instrumented drill bit of claim 20 wherein the
electronic circuits are located in at least one of, the bit sub,
and the bit shank.

22. The instrumented drill hit of claim 19 wherein the at
least one coil receiver is located in at least one of: the at least
one gage blade, and a reduced diameter part of the bit shank.

23. The instrumented, drill bit of claim 19 wherein the at
least one coil receiver comprises a plurality of coil receivers
disposed at angular locations around the instrumented drill
bit.
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